We review data and recent research on arc composition, focusing on the relatively complete arc crustal sections in the Jurassic Talkeetna arc (south central Alaska) and the Cretaceous Kohistan arc (northwest Pakistan), together with seismic data on the lower crust and uppermost mantle. Whereas primitive arc lavas are dominantly basaltic, the Kohistan crust is clearly andesitic and the Talkeetna crust could be andesitic. The andesitic compositions of the two arc sections are within the range of estimates for the major element composition of continental crust. Calculated seismic sections for Kohistan and Talkeetna provide a close match for the thicker parts of the active Izu arc, suggesting that it, too, could have an andesitic bulk composition. Because andesitic crust is buoyant with respect to the underlying mantle, much of this material represents a net addition to continental crust. Production of bulk crust from a parental melt in equilibrium with mantle olivine or pyroxene requires processing of igneous crust, probably via density instabilities. Delamination of dense cumulates from the base of arc crust, foundering into less dense, underlying mantle peridotite, is likely, as supported by geochemical evidence from Talkeetna and Kohistan. Relamination of buoyant, subducting material-during sediment subduction, subduction erosion, arcarc collision, and continental collision-is also likely.
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ROLE OF ARC CRUST IN CONTINENTAL GENESIS AND EVOLUTION
Earth is unique among all rocky planets in that it has a developed a clear bimodality in the characteristics of its outmost solid layer, the crust. Earth's solid surface is characterized by the low-lying oceanic crust (on average 3.7 km below sea level) and the highstanding continental crust (on average 0.8 km above sea level) (Eakins & Sharman 2012) . Besides this obvious topographic expression, oceanic crust and continental crust differ systematically in multiple aspects. Oceanic crust is generally less than 8 km thick and younger than ∼200 Ma, as older crust gets recycled back into the upper mantle along subduction zones. In contrast, continental crust is ∼40 km thick and has a diverse age structure, with rocks as older than 4 Ga preserved locally. The pronounced difference in topographic expression and preservation potential reflects a difference in composition: Whereas oceanic crust is basaltic (∼50% SiO 2 ), bulk continental crust is andesitic (∼60 wt% SiO 2 ). Geochemical data, and the present-day composition of lavas in different tectonic settings, indicate that continental crust formed in subduction-related volcanic arcs, or via a geochemical process very similar to the arc magmatic process today (Figure 1 ). Accordingly, a well-known continental crust paradox has long been articulated as follows: (a) Geochemical similarity and uniformitarian plate-tectonic interpretations indicate that continental crust is mainly formed via arc magmatism ( Accordingly, either the net flux from the mantle in subduction zones is more evolved than basaltic and/or additional mechanisms are important to transform the basaltic mantle-derived melts into andesitic continental crust.
The aims of this article are (a) to review data and ideas concerning the bulk composition of volcanic and plutonic arc crust and (b) to discuss proposed mechanisms that could help solve the Extended trace element diagram normalized to bulk continental crust composition (Rudnick & Gao 2004 , 2014 , showing the average trace element systematics of volcanic rocks from oceanic ridges [mid-ocean ridge basalts (MORB); PetDB (http://www.earthchem. org/petdb), accessed 2005], ocean island basalts (OIB; McDonough & Sun 1995) , and island arcs [B. Gunn's compilation (www.geokem.com)]. The trace element systematics of bulk continental crust are essentially identical to those of arc volcanics, strongly suggesting that continental crust is formed in subduction zones.
continental crust paradox. Our review is guided by the hypothesis that arc processes are central to the creation and evolution of continental crust. Recent work has strengthened this hypothesis, which suggests that other proposed processes play a comparatively minor role. We focus on new data on plutonic rocks in intraoceanic arc crustal sections. Arc plutonic rocks are mainly exposed in accreted arc terranes that have undergone uplift and erosion, exposing middle and lower crustal intrusive rocks from beneath their volcanic and volcaniclastic carapace. In particular, the Cretaceous to Eocene Kohistan arc section in northwest Pakistan and the Jurassic Talkeetna arc section in south central Alaska contain plutonic rocks from a wide spectrum of crustal depths extending down to the seismic Moho and the petrologic crust-mantle transition zone. Less complete sections, mainly composed of mid-crustal, felsic plutonic rocks, extend east from Kohistan into the Ladakh batholith and west from Talkeetna into the Alaska Peninsula batholith. There are few plutonic rocks exposed in most active oceanic arcs. Although xenoliths and seismic data reveal their presence at depth, they are covered with a carapace of volcanic and volcaniclastic debris. An important exception is the Aleutian arc, where abundant intermediate to felsic plutonic rocks are exposed.
Our review is largely focused on quantitative geochemical and seismic data, informed by petrologic estimates of mineral equilibration pressures and temperatures. The recent reviews of the geology of arc crust by DeBari & Greene (2011) and Burg (2011) , which contain much more information on mineralogy, rock textures, and intracrustal differentiation processes, provide wonderful complements to our approach. Simplified geological map of the Talkeetna arc. Figure modified with permission from Rioux et al. (2010 Rioux et al. ( , 2007 .
T A L K E E T N A M O U N T A I N S T A L K E E T N A M O U N T A I N S
at this crustal depth, and mafic enclaves in more felsic rocks are common, most of these mid-crustal plutons are hornblende tonalites and granodiorites, with an average of 65.1 wt% SiO 2 , and ∼1 wt% K 2 O, and Mg# 0.42. In the western part of the Talkeetna arc section, on the Alaska Peninsula, these mid-crustal, intermediate-composition plutonic rocks dominate the exposed section ( Johnsen 2007) , over a strike length comparable to that of the iconic Sierra Nevada batholith in California. Both major and trace element characteristics of the average composition of mid-crustal plutonic rocks in the Talkeetna section are nearly identical to those of the average intermediate to felsic lavas in the section (Figure 3) (also see figure 20 in Kelemen et al. 2004 Kelemen et al. , 2014 , suggesting that the mid-crustal plutonic rocks do not necessarily represent cumulates but formed from magmas that crystallized 100% at depth. At deeper crustal levels, the Talkeetna lower crust is characterized by hornblende magnetite gabbronorite, described extensively by Burns and coworkers (Burns 1983 , Burns et al. 1991 and Greene et al. (2006) . Though these rocks display modal layering in outcrop, and are intruded by a variety of other lithologies, in general the Talkeetna lower crust is homogeneous, with an average composition of 47.7 wt% SiO 2 and Mg# 0.55. The gabbronorites have strikingly high aluminum (18-28 wt% Al 2 O 3 ); this, together with their relatively low SiO 2 compared with other gabbros, arises due to the high anorthite content in the plagioclase and the presence of 0-12% FeTi oxides in Talkeetna gabbronorites. Greene et al. (2006) Average trace element ratio of felsic plutons to felsic lavas (≥54 wt% SiO 2 ). The trace element systematics of felsic lavas and plutons are essentially identical in Kohistan and Talkeetna. Aleutian plutons have apparently higher Nb and Ta concentrations compared with lavas, which might indicate the presence of cumulative Fe-Ti oxides. The Aleutian plutonic data set in our compilation, however, has limited Nb and Ta measurements.
are olivine and quartz free, formed in a narrow range of oxygen fugacity, 1 to 3 log units higher than that of the nickel-nickel oxide buffer (Behn & Kelemen 2006 , Frost & Lindsley 1992 ).
An exception to the overall homogeneity of the Talkeetna lower crust is the presence of twopyroxene, garnet quartz diorites in the Klanelneechina klippe, recording metamorphic conditions of ∼700
• C and 0.7 GPa and including bands and cross-cutting intrusions of garnet tonalite. Unlike metamorphic garnet granulites in the Moho depth exposures of the Tonsina region, Klanelneechina garnets are igneous (Kelemen et al. , 2014 . The average of eight Klanelneechina quartz diorites has a strikingly low Mg#, 0.32, with 49.2 wt% SiO 2 , whereas the average of three garnet tonalites has Mg# 0.25, with 72.0 wt% SiO 2 . The Klanelneechina quartz diorites, with their evolved compositions, may have been upper crustal arc lithologies-perhaps even volcanic rocks-that were gradually buried, enveloped in plutonic lower crust, metamorphosed, and ultimately partially melted within the growing arc edifice (see figure 26 in Kelemen et al. 2004 Kelemen et al. , 2014 . Alternatively, they could be buoyant lithologies underplated by relamination that were then differentiated by partial melting and melt extraction .
The Tonsina region of the Talkeetna arc section has a series of exposures of the Moho, where arc plutonic and metamorphic rocks are in high-temperature contact with residual mantle peridotites. Much has been written about this region (Burns 1985; DeBari & Coleman 1989; Hacker et al. 2008; Kelemen et al. 2004 Kelemen et al. , 2014 Mehl et al. 2003) . Here we summarize a few salient points. Metamorphic phase equilibria for Tonsina samples record ∼863-993
• C and 0.8-1 GPa for garnet granulites, less precise values of 800-1,000
• C and 0.9-1.2 GPa for hornblende gabbronorite assemblages (with substantial sample-to-sample variability), and highly approximate conditions of 1,000
• C and 1 GPa for peridotites and gabbros that initially contained olivine plus plagioclase and now contain aluminous green spinel and two pyroxenes plus either olivine or plagioclase (Hacker et al. 2008) . The igneous Talkeetna arc crust was ∼40 km thick (DeBari & Coleman 1989 , Hacker et al. 2008 .
Near the base of the igneous crust, plagioclase-bearing lithologies are absent, and pyroxenites (websterite, orthopyroxenite, clinopyroxenite, and olivine clinopyroxenite) form a layer a few hundred meters thick between overlying gabbroic rocks and underlying residual mantle harzburgites and dunites. This thin crust-mantle transition in the Tonsina region is the only part of the Talkeetna section in which pyroxenes record Mg# between those in the residual mantle peridotites (0.92-0.90) and those in the lower crustal gabbronorites (<0.85) .
Petrologic models (Greene et al. 2006 ) and simple mass-balance considerations (see figure 25 in Kelemen et al. 2004 Kelemen et al. , 2014 suggest that cumulates with Mg# between 0.85 and 0.9 should constitute more than 25% of the igneous section, rather than 1% as they do today. The pyroxenites are denser than the residual mantle peridotites (Behn & Kelemen 2006 , Jull & Kelemen 2001 . For this reason, it has been proposed that 25% to 35% of the original igneous mass of the Talkeetna arc was gravitationally unstable and foundered into the underlying mantle during or after arc magmatism (Greene et al. 2006; Jull & Kelemen 2001; Kelemen et al. 2004 Kelemen et al. , 2014 Müntener et al. 2001) . Metamorphic phase changes also formed garnet granulites and spinel-olivine pyroxenites that are denser than residual mantle peridotites (Behn & Kelemen 2006 , Jull & Kelemen 2001 . The protoliths were less dense gabbronorites and olivine gabbros. Such densification processes could have caused gravitational instabilities (see Section 7).
Zircon geochronology indicates that the Talkeetna arc was active from ∼210 to 160 Ma (Rioux et al. , 2010 , with younger plutonic rocks recording accretion with the Wrangellia terrane followed by magmatic episodes postdating accretion (Trop et al. 2005) . A gradation from older ages in the south to younger ages in the north and northwest (Rioux et al. 2010 ) reveals that the locus of magmatic activity migrated northward (present-day coordinates), away from the subducting plate, perhaps due to subduction erosion (Clift et al. 2005b) . This occurred over a period of ∼50 Myr, similar to the northward migration of the active Aleutian arc.
The northward-dipping, lower crustal rocks exposed in the southern regions (e.g., Tonsina) are not the basement to the flat-lying volcanics and intermediate to felsic plutonic rocks in the northern regions (e.g., Talkeetna Mountains). If it is preserved, the lower crust beneath the northern region remains buried. Furthermore, there is only 15 km of structural thickness of the section extending from the Tonsina crust-mantle boundary outcrops (recording pressure ≥1 GPa) to the volcanics further north (DeBari & Sleep 1991 , Hacker et al. 2008 . Thus, accretion of the Talkeetna section and subsequent faulting resulted in substantial thinning of the section. Thermobarometry (Hacker et al. 2008) reveals that this thinning is not uniformly distributed over the section, resulting in substantial uncertainty about the composition of the middle crust (Figure 4) .
Finally, a striking feature of the Talkeetna arc section is the general lack of older crust within the exposed arc section (Rioux et al. , 2010 . Exceptions are samples with inherited zircon in the suture with the Wrangellia terrane, in the northwestern Talkeetna Mountains. Older zircons are also found in a few metasedimentary roof pendants in the Alaska Peninsula batholith, perhaps indicating that this portion of the arc formed near a continental margin (Amato et al. 2007) . Excluding the plutonic samples from the Talkeetna-Wrangellia suture, Nd and Sr isotope ratios for all but two samples of Talkeetna plutonic rocks (Greene et al. 2006; Rioux et al. 2007 Rioux et al. , 2010 and Nd isotopes for volcanic rocks (Clift et al. 2005a ) lie within the compositional field for the Tonga arc (away from the Samoan hotspot).
We were unable to identify any remnants of older oceanic crust that might have hosted the arc section. Perhaps the prearc basement was removed by extension (e.g., Karig 1971) . Large amphibolite lenses within the middle and lower crust do not represent older oceanic crust into which the arc was emplaced. Instead, they are light rare earth element-enriched andesites with Nb and Ta depletions, typical of arc magmas.
Kohistan Arc Crustal Section, Northern Pakistan
The Kohistan arc ( Figure 5 ) forms a coherent tectonic block within the Himalayan belt and exposes a complete crustal arc section (Bard 1983 , Jagoutz & Schmidt 2012 , Tahirkheli 1979 . .
between igneous arc crust and residual mantle Jan et al. 1989; Khan et al. 1993 Khan et al. , 1989 Miller & Christensen 1994; Miller et al. 1991; Ringuette et al. 1999) . Large-scale faulting related to, for example, the Himalayan collision is largely absent (Coward et al. 1982 (Coward et al. , 1986 Searle et al. 1999 ). The volcanic units on top of the Kohistan are ∼4-6 km thick and range from basalt to rhyolite (Bignold et al. 2006 , Petterson & Treloar 2004 . Lavas are dominated by more mafic basaltic-andesitic compositions, yet felsic units, dominantly volcaniclastic, occur throughout and become especially volumetrically important in the Ladakh area (Clift et al. 2002) , the western extension of the Kohistan arc. The average composition of the Kohistan volcanic rocks is 56.8 wt% SiO 2 and Mg# 0.58 ( Jagoutz & Schmidt 2012) , remarkably similar to average volcanic rocks in the Talkeetna section. The detailed data set related to this discussion is provided as an electronic supplement associated with the paper by Jagoutz & Schmidt (2012) . This supplement also includes the 2σ standard deviation of the mean. As the uncertainties are generally much smaller than the variation discussed in this review, we omit this information from the main text to preserve readability. The Kohistan volcanic section is deposited on top of, and intruded by, granitoids of the ∼26-km-thick Kohistan batholith ( Figure 5 ) . The batholith ranges in composition from rare gabbro through (quartz) diorite, tonalite, granodiorite, and granite (Petterson & Windley 1985 . Peraluminous leucogranites generally postdate the Himalayan collision and are not related to subduction zone processes (Bouilhol et al. 2013 ), so they are excluded from this review. Throughout the batholith, no systematic change of rock composition with depth is observed . Most granitoids are hornblende and, to a lesser extent, biotite bearing, with magmatic epidote at pressures greater than ∼0.45 GPa. Pyroxene-bearing granitoids are rare . The average composition of the batholith is 64.6 wt% SiO 2 and Mg# 0.48 ( Jagoutz & Schmidt 2012) .
Toward the south, the Kohistan batholith is intruded by and intrudes the Chilas Complex, a large mafic-ultramafic intrusion ( Jagoutz et al. 2007) . The Chilas Complex is dominated by gabbronorite and diorite associated with tabular bodies (∼10 km long) of ultramafic units (dunite, pyroxenite, troctolite) Jan et al. 1992; Khan et al. 1989 Khan et al. , 1993 . Despite the local presence of magmatic layering, the mafic sequence of the Chilas Complex is surprisingly homogeneous and has an estimated bulk composition of 53.1 wt% SiO 2 and Mg# 0.58. The ultramafic rocks of the Chilas Complex average 43.7 wt% SiO 2 and Mg# 0.82 , Jagoutz & Schmidt 2012 .
To the south, the Chilas Complex intrudes the Southern Plutonic Complex (SPC), a variable sequence of ultramafic to felsic plutonic and metamorphic rocks that make up the lowermost Kohistan arc crust (Burg et al. 2005 , Garrido et al. 2006 ). The SPC is characterized by originally horizontal layers and sills of plutonic rocks ( Jagoutz 2014) . Minor volumes of amphibolite formed from metamorphosed volcanic units are preserved at the top of the SPC (Treloar et al. 1990 (Treloar et al. , 1996 . SPC mineral assemblages record 0.7 GPa at the top of the sequence and ∼1.5-1.8 GPa at the base , Ringuette et al. 1999 , Yoshino & Okudaira 2004 , roughly consistent with the structural thickness of the section. With increasing crustal depth, SPC plutonic rocks become more mafic ( Jagoutz 2014 , Jagoutz & Schmidt 2012 . Mafic rocks in the Chilas Complex and SPC formed along two distinct liquid lines of descent from primitive, basaltic parental magmas: Chilas involved relatively dry crystal fractionation and production of predominantly gabbroic cumulates, and SPC formed via crystallization of a more water-rich magma, producing ultramafic cumulates ( Jagoutz et al. 2011) .
U-Pb zircon geochronology indicates that the Kohistan arc was active from at least ∼120 Ma to the India-Kohistan arc collision at ∼50 Ma (Bouilhol et al. 2013) . The Kohistan batholith records arc magmatic activity from 120 to 50 Ma, whereas the Chilas Complex intruded at ∼85 Ma (Schaltegger et al. 2002 , Zeitler 1985 during incipient arc rifting . The SPC was formed from ∼120 to 85 Ma , Schaltegger et al. 2002 and exhumed during arc extension . After 85 Ma, volumetrically minor felsic dikes intruded the SPC (Yamamoto et al. 2005) .
Paleomagnetic data (Khan et al. 2009 , Zaman & Torii 1999 are consistent with the hypothesis that the Kohistan arc was intraoceanic (Bard 1983 , Tahirkheli 1979 ). Yet, the thickness of the Kohistan batholith resembles that of the Sierra Nevada batholith, which formed in a continental arc. Seismic data from active oceanic arcs do not show evidence for such thick batholiths (see the detailed discussion on seismic characteristics in Section 6.2), so that thick batholiths are thought to be characteristic of continental arcs. However, despite an extensive search, no old continental basement has been identified in the arc. No rock units are older than late Cretaceous, and none of the thousands of analyzed zircons are older than late Jurassic. In contrast, postcollisional leucogranites have abundant inherited zircons with Proterozoic and Mesozoic U-Pb ages derived from the colliding Eurasian and Indian crust (Bouilhol et al. 2013) . Isotopically, the Kohistan arc is slightly more enriched than the Talkeetna arc, perhaps due to the presence of an enriched, Indian mid-ocean ridge basalt (MORB)-type component in the Kohistan mantle source (Zhang et al. 2005) and/or the recycling of a subducted sediment component as in active western Pacific arcs. The enrichment of the Kohistan arc relative to an Indian Ocean mantle source is comparable to the enrichment of Izu-Bonin-Mariana and Tonga arc lavas relative to a depleted mantle source ( Jagoutz & Schmidt 2012) .
COMPARISON WITH OCEANIC LOWER CRUST
In this section of the article, we briefly compare the composition of plutonic rocks in the Talkeetna and Kohistan arc sections with the composition of plutonic rocks formed at oceanic spreading ridges and of MORB (Figure 6 ). These include average MORB (our values and those from Gale et al. 2013) , complete crustal sections through the Wadi Tayin and Nakhl massifs of the Oman ophiolite (Garrido et al. 2001 , Peucker-Ehrenbrink et al. 2012 The average composition of Hole 735B gabbros is almost identical to an average, primitive MORB composition (Dick et al. 2002 , Hart et al. 1999 . Primitive cumulates at 735B are balanced by evolved ferrogabbros and tonalites, so the entire section approximates a 100% crystallized liquid. Thus, the 735B section is not complementary to evolved lavas on the nearby seafloor, which require a reservoir of primitive cumulates somewhere else.
Compared with all three of (a) average MORB, (b) U1309 gabbros, and (c) 735B gabbros (Figure 6 ), the Talkeetna and Kohistan lower crustal gabbro(norites) are depleted in almost all compatible trace elements, and show striking, arc-like trace element patterns with relatively enriched light ion lithophile elements plus Pb and Sr; substantially depleted Nb, Ta, Zr, and Hf; and subdued heavy rare earth element concentrations, about three times lower than in MORB. Small enrichments of Eu and Ti in the average Talkeetna gabbronorite, relative to MORB, reflect large enrichments of these elements relative to middle and heavy rare earth elements in primitive Talkeetna cumulates, due to uptake of Eu in cumulate plagioclase and Ti in cumulate Fe-Ti oxides.
Compared with cumulate gabbros from Oman, Talkeetna and Kohistan lower crustal lithologies are more light rare earth element enriched and have higher Al 2 O 3 due to the high anorthite content in arc plagioclase, but the trace element patterns for the two suites are otherwise very similar. The fact that Oman gabbros are similar to Talkeetna gabbronorites, which in turn have arc-like trace element characteristics when compared with MORB, provides one more piece of evidence supporting the hypothesis that the crust of the Oman ophiolite formed from arc-like primitive melts (e.g., Alabaster et al. 1982 , MacLeod et al. 2013 , Pearce et al. 1981 ).
COMPARISON WITH EXPOSED FRAGMENTS OF ARC LOWER CRUST
In addition to the complete or near-complete exposure of arc crust sections in Kohistan and Talkeetna, numerous incomplete arc sections are recognized. Deeper portions of arc crust are exposed in the Dariv and Hantashir Ranges of Mongolia (Bucholz et al. 2014 , Zonenshain & Kuzmin 1978 . Middle to lower crust of a continental arc is exposed in the Famatinian arc (DeBari 1994; Ducea et al. 2010; Otamendi et al. 2009 Otamendi et al. , 2012 . The southern Sierra Nevada batholith exposes mid-to lower crustal plutons and metasedimentary host rocks (Dodge et al. 1988; Domenick et al. 1983; Ducea & Saleeby 1996; Lee et al. 2006 Lee et al. , 2007 Sisson et al. 1996) . Similarly, the exposed Peninsular Ranges batholith formed at depths up to 20 km (Gastil 1975; Gromet & Silver 1987; Lee et al. 2006 Lee et al. , 2007 Silver & Chappell 1988) . Kelemen & Ghiorso (1986) reviewed the occurrence of ultramafic to mafic and ultramafic to felsic, mid-crustal, zoned plutonic complexes associated with arc batholiths worldwide. The intermediate to felsic plutonic rocks in these suites are generally calc-alkaline. These plutonic complexes are relatively small; similar bodies have been found in both Talkeetna and Kohistan, especially in the Chilas Complex of the Kohistan section , where they constitute a small proportion of the mid-crustal suite. Figure 7 presents major element data for several of these localities, compared with Talkeetna and Kohistan. We defer discussion of these data to Section 5.
By and large, we avoid the daunting task of compiling and analyzing data from continental arc batholiths. In so doing, we avoid the controversial procedure of discerning mantle contributions in plutons with a large component derived from partial melting or assimilation of preexisting continental crust or continentally derived sediments.
COMPARISON WITH MODERN INTRAOCEANIC ARCS
This article focuses mainly on the composition of plutonic rocks in the middle and lower crust of oceanic arcs. These are generally not well exposed in active intraoceanic arcs. Well-known suites of cumulate xenoliths have been recovered from several volcanoes in the Lesser Antilles (Arculus & Wills 1980 , Kiddle et al. 2010 , Parkinson et al. 2003 , Tollan et al. 2012 and in the Aleutians (Conrad & Kay 1984 , Conrad et al. 1983 , DeBari et al. 1987 , Yogodzinski & Kelemen 2007 and from Agrigan in the Mariana arc (Stern 1979 ). These samples are generally similar to those in the Talkeetna and Kohistan sections, for example in containing variable, sometimes substantial amounts of igneous hornblende and Fe-Ti oxides in rocks with high Mg# and high anorthite contents in plagioclase. In contrast, in gabbroic rocks from oceanic crust, both hornblende and Fe-Ti oxides are found only in evolved plutonic rocks, with low Mg# and sodic plagioclase.
Several intermediate to felsic plutonic complexes in southwest Japan and Komahashi-Daini Seamount were interpreted as exposures of mid-crustal plutonic rocks from the oceanic Izu-Bonin arc, uplifted during collision between Japan and the island arc (Haraguchi et al. 2003 , Kawate 1996 , Kawate & Arima 1998 , Saito et al. 2007 ). However, more recent work has demonstrated that these EA43CH12-Jagoutz 
Figure 7
Relationship between SiO 2 and molar Mg# [Mg/(Mg + Fe)] for exposed volcanic and plutonic rocks from arc sections and active island arcs. For comparison, volcanic rocks from Iceland are also shown. Bulk continental crust estimates (light green fields bounded by dark green dashed lines) are based on the compilations of Rudnick & Gao (2004 , 2014 and Hacker et al. (2011) . Only a few arcs show magmatic differentiation that produces rock compositions that resemble bulk continental crust. Most arcs and Iceland have a differentiation path with too low an Mg# at a given level of SiO 2 content to produce bulk continental crust. The tholeiitic trend observed in the oceanic crust cannot produce continental crust compositions. Data compiled from GEOROC (www.georoc.mpchmainz.gwdg.de). Abbreviation: PRB, Peninsular Ranges batholith.
intrusions are young, intrude the Honshu arc crust, and are related to the collision event rather than to arc magmatism (Tamura et al. 2010 , Tani et al. 2011 . The Aleutian arc is unique among active intraoceanic arcs for its abundant exposures of midcrustal plutonic rocks. The suite ranges from gabbro to granite; hornblende quartz diorite and granodiorite predominate. On the basis of limited geochemical data, we find that-as for midcrustal rocks in the Talkeetna arc section-Aleutian intermediate to felsic plutons have liquid-like compositions (Figure 3 ). Unlike those of Talkeetna and Kohistan, Aleutian plutons are enriched in Th, U, K, La, and Ce compared with average lavas from the same islands. Aleutian plutons are also more strongly calc-alkaline than nearby lavas, with higher SiO 2 at a given Mg# (figures 4 and 5 in Kelemen et al. 2003b ). The plutons also have isotope ratios different from nearby lavas and similar to strongly calc-alkaline lavas in the western part of the arc (Cai et al. 2015) , with high Nd and Hf isotope ratios and low Sr and Pb ratios.
The difference between plutons and lavas likely arises from the different viscosities of these two magma series, with the higher-SiO 2 (and, probably, higher-H 2 O) magmas becoming highly viscous and stalling in the mid-crust, while the lower-SiO 2 , lower-H 2 O, lower-viscosity basalts erupted freely (Kay et al. 1990 , Kelemen et al. 2003b ). This raises questions about whether primitive, erupted lavas are representative of the composition of the net magmatic flux from the mantle into arc crust, and emphasizes the need for continuing, complementary studies of plutonic suites in both active and accreted, ancient arcs. 
Trace element
Figure 8
Continental crust-normalized trace element diagram of averaged volcanic and plutonic rocks from active arcs. The gray field outlines the estimates for average continental crust compositions. Continental margins [e.g., Andean, after GEOROC data, 2012 (http:// georoc.mpch-mainz.gwdg.de/georoc/); Sierra Nevada, after Sisson et al. 1996 ] have significantly higher incompatible trace element concentrations compared with oceanic margins. The bulk continental crust estimates plot between the incompatible trace element concentrations of continental and oceanic margins, implying that continental crust is formed in both settings.
As shown by Kelemen and coworkers Kelemen et al. 2003b Kelemen et al. , 2004 Kelemen et al. , 2014 and Gazel et al. (2015) , both Aleutian lavas and plutons are more similar to continental crust than any other intraoceanic arc. Specifically, Aleutian arc rocks have highly enriched incompatible trace elements, unlike most oceanic arcs. This is true despite the fact that Aleutian lavas extend to the most isotopically depleted arc magma compositions worldwide Kelemen et al. 2004 Kelemen et al. , 2014 , with the smallest amount of recycled, old continentally derived components. The reasons for this phenomenon remain uncertain, but may include substantial input of partial melts derived from arc volcanics and plutonic rocks carried to mantle depth during subduction erosion, or from subducting oceanic crust (Kay 1978; Kelemen et al. 2003b; Yogodzinski et al. 1994 Yogodzinski et al. , 1995 Yogodzinski & Kelemen 2000 , 2007 .
Generally, lavas and plutons in continental arcs have higher incompatible trace element concentrations than continental crust, whereas oceanic arcs have lower concentrations (Figure 8 ). Mixing these two would produce a composition that lies in the range of proposed continental compositions. The question arises: Why do continental arcs have higher incompatible trace element concentrations? One contribution is assimilation of preexisting continental crust. However, some primitive, continental arc magmas that show little or no evidence of assimilation also have high incompatible element concentrations, higher on average than in oceanic arcs (Kelemen et al. , 2014 .
Continental arcs (e.g., Andean, Sierra Nevada) have high elevations, whereas in most oceanic arcs (e.g., Izu-Bonin), only a few volcanic islands reach above sea level. Accordingly, continental arcs have significantly higher erosion levels than oceanic margins (Draut & Clift 2013) . We speculate that increased surface erosion and subduction of trench sediments in continental arcs contribute to the observed difference in incompatible element budget between continental and oceanic arcs. In this context, the Aleutian arc, with its extensive exposures of mid-crustal plutonic rocks, represents an intermediate case.
Different magmatic differentiation processes take place in different arcs, as illustrated in SiO 2 -versus-Mg# diagrams (Figure 7) . For comparison, we have also plotted volcanic rock compositions from Iceland [compiled from GEOROC data, 2012 (http://georoc.mpch-mainz.gwdg.de/ georoc/)], and both plutons and lavas from mid-ocean ridges and the Oman ophiolite (data sources EA43CH12-Jagoutz ARI 11 March 2015 14:3 cited in Section 3). Many arcs have relatively low Mg# (∼0.3-0.5) at 55-65 wt% SiO 2 compared with estimated bulk continental crust (Mg# 0.50-0.60) (Figure 7) . This difference is most pronounced for Iceland but is also evident in lavas from the Izu-Bonin, Mariana, Central America, Kohistan, and Talkeetna arcs. Continental crust could be produced in such arcs via mixing between felsic and mafic components. In contrast, lavas and plutonic rocks from the Aleutians and plutonic rocks from the Sierra Nevada and Peninsular Ranges batholiths with SiO 2 of 55-65 wt% have Mg# ∼0.4-0.6, within the range of bulk continental crust. Separation of these upper and mid-crustal lithologies from mafic lower crust could produce continental crust. Mechanisms for refining of arc crust to produce continental crust are discussed further in Section 7.
BULK COMPOSITION AND STRUCTURE OF ARC CRUST
Constraints on the bulk composition of arc crust can be obtained from inferences based on erupted lavas, from geophysical data [typically, seismic P and S wave velocity (V P and V S ), sometimes combined with gravity and heat flow], and from direct observation of arc crustal sections. Also, lava series can be analyzed to infer the nature and proportions of minerals that crystallized from parental magmas to produce evolved compositions in order to identify likely compositions of arc cumulates. However, (a) lavas from modern, emergent volcanoes may not be representative of the time-averaged magma input; (b) there are melt-like plutonic rocks (not cumulates) in arc middle crust; (c) delamination may have removed dense cumulates from the base of arc crust; and (d ) relamination may have added buoyant lithologies to the base of arc crust.
Field-Based Geochemical Estimates
Geological and geochemical studies of exposed arc sections potentially provide the bestconstrained estimates of arc crust composition. However, arc crustal sections exhibit lateral variability, along and across strike. Also, tectonic processes may have produced gaps or repetition in the record of composition versus depth. Further, due to folding and/or tilting, even a continuous exposure-with all depths represented-may correspond to a diagonal rather than a vertical section through the crust. Previous estimates for the bulk composition of both the Kohistan and Talkeetna arc crust (DeBari & Sleep 1991 , Miller & Christensen 1994 assumed that the proportions of lithologies along arc-perpendicular transects were representative of their proportions in arc crust. In the case of the eastern Talkeetna transect, DeBari & Sleep (1991) noted that the structural thickness of the section (15-20 km) was about half of the thickness estimated from thermobarometry, and they attributed this to homogeneous thinning. These studies derived a mafic bulk composition (51 wt% SiO 2 ) for both the Kohistan and Talkeetna arcs. Greene et al. (2006) used a similar approach, but included a petrologic model of the average liquid line of descent to constrain the likely proportions of cumulate plutonic rocks. They too found that Talkeetna data are consistent with a range of basaltic bulk crust compositions with 48-51 wt% SiO 2 .
Since then, Hacker et al. (2008) and Jagoutz & Schmidt (2012) have presented comprehensive thermobarometric results for the two arc sections and used these to constrain the bulk compositions. In the Talkeetna section, as noted in Section 2.1, thermobarometric data reveal that there is a gap in the exposures. Depending on the uncertainty bounds that are used, this gap extends from mid-crustal, felsic plutonic rocks emplaced at 5 to 9 km depth to lower crustal, mafic gabbronorites at 17 to 24 km depth; the missing section is thus 8 to 19 km thick (Figure 4) (Behn & Kelemen 2006 , Hacker et al. 2008 . The inferred bulk composition of the Talkeetna crust depends on how one fills this gap. Table 1 reports four different bulk compositions derived using different proportions of mafic gabbronorites, Klanelneechina-type lower crustal quartz diorites, and mid-crustal felsic rocks to fill the major compositional gap, as discussed by . The four alternatives have bulk compositions ranging from 61.7 to 50.4 wt% SiO 2 . The felsic estimates agree well with the geological map for Talkeetna, including the Alaska Peninsula batholith, in which ∼70% of the exposed plutonic rocks are intermediate to felsic (Figure 2) . However, geochemical similarities between the intraoceanic Talkeetna and Izu-Bonin-Mariana arcs, together with seismic data for Izu-Bonin discussed in Section 6.2.3, favor an intermediate composition, with about 56 wt% SiO 2 and Mg# 0.52 .
Unlike in the case of the Talkeetna exposures, structural and barometric estimates for Kohistan agree and there are no evident gaps ( Jagoutz & Schmidt 2012) , with the exception that structural (5 km) and barometric (10 km) thicknesses of the lowermost garnet granulites disagree. To account for uncertainties, Jagoutz & Schmidt (2012) presented three different bulk compositions of the Kohistan crust. None include ultramafic rocks lying between the base of the plagioclase-bearing rocks and residual mantle peridotite. All are andesitic, with 57-59 wt% SiO 2 (Table 1; Figure 9 ). Some of these bulk compositions include extensive garnet granulites, with hornblendite and pyroxenite lenses, near the base of the section. If the Kohistan section had not been accreted during the Himalayan continental collisions, these dense, mafic and ultramafic lithologies might eventually have delaminated. However, their presence or absence does not substantially affect the bulk silica content of the Kohistan section. Again, as for the Talkeetna section, these felsic, quantitative estimates are consistent with the geological map (Figure 5) , on which felsic plutons constitute ∼50% of the exposed plutonic rocks in the Kohistan arc section ( Jagoutz & Schmidt 2012) .
Seismic Properties of Arc Crust
In active arcs, outcrops are mainly limited to volcanic rocks. In order to constrain the deeper structure of active arcs, seismic data are essential. In the past decade, high-resolution studies of active arcs have revealed a wealth of new information on their seismic structure. Calvert (2011) and Hayes et al. (2013) recently reviewed seismic data on intraoceanic volcanic arcs and Costa Rica. Here we focus on data interpretation in terms of crustal lithology and in comparison with continental crust.
In this section, we first address two key questions pertinent to the interpretation of seismic sections for active arcs: What is the composition of the arc-mantle transition zone, where "crustal" P wave velocities gradually increase to "mantle" values? What is the significance of the higher seismic velocities observed in arc lower crust compared with continental crust? 6.2.1. Nature of the crust-mantle transition. In oceanic plates more than 20 Myr old, and in continental plates, the Moho is evident as a sharp seismic discontinuity, with V P increasing from <7.4 km/s (above) to >7.7 km/s (below) over a vertical distance <2 km (Figure 10) . Specifically, V P at the base of oceanic crust increases from <7.3 km/s to an average of 7.95 km/s in the underlying mantle (data compilation by R.L. Carlson and P.B. Kelemen, figure F8 and related text in Shipboard Sci. Party 2004) . Similarly, V P at the base of continental crust increases over less than ∼1 km from <7.4 km/s to an average of 8.1 km/s at ∼42 ± 6 km (Figure 10 ) (Christensen & Mooney 1995) . In both tectonic settings, this discontinuity is interpreted as an abrupt transition from plagioclase-bearing igneous and metamorphic rocks in the crust to plagioclase-free, residual peridotites in the mantle.
In contrast, many arcs show a gradual increase in V P with depth, from ∼6.5-7.0 km/s at 10-20 km to >8 km/s at >50 km (Figure 10) . Sharply defined discontinuities are rare or absent. 
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Figure 9
Bulk composition of the Kohistan arc for two different integration models compared with estimated bulk continental crust composition (Rudnick & Gao 2004 , 2014 . Both models yield an andesitic bulk composition for the Kohistan arc that is generally very similar to that of continental crust. Seismic velocities in rocks interpreted as lying beneath the Moho in arcs are, on average, ∼0.3-0.5 km/s slower than sub-Moho velocities in continents. In contrast, velocities in lower crustal rocks in arcs, such as Izu-Bonin (reviews in Calvert 2011 , Hayes et al. 2013 , are generally ∼0.2-0.5 km/s faster than in continents at the same depth (Figure 10) . As a result of fast lower crustal velocities and slow sub-Moho velocities, the identification of a seismic discontinuity representing a Moho in arcs is difficult even in the best-studied regions (Izu-Bonin-Mariana and the Aleutians). Accordingly, estimates of arc crustal thickness are highly uncertain. For example, estimates of the depth to the Aleutian Moho range from 25-30 km (Holbrook et al. 1999 ) to 26-43 km ( Janiszewski et al. 2013) . Increasing evidence suggests that the base of the Aleutian and Izu-Bonin-Mariana crust is a >∼5-15-km-thick transition zone rather than a sharp seismic discontinuity (Fliedner & Klemperer 1999 , Takahashi et al. 2009 , with pyroxenites and even garnet-rich granulites below the "Moho."
6.2.2. Sub-Moho seismic velocity structure. As discussed briefly above, sub-Moho lithologies with V P > 8 km/s in continents and oceanic plates older than 20 Ma are generally interpreted as residual mantle peridotites. The possibility that they include abundant eclogite or garnet pyroxenite was debated in the middle of the twentieth century but has been largely abandoned owing to the paucity of eclogites in outcrops of the crust-mantle transition zone and in xenolith suites. Furthermore, as we show in Section 6.2.1, sub-Moho velocities in the continents are too high to allow for a significant proportion of typical pyroxenites. In contrast, "sub-Moho" velocities in arcs average 7.7 km/s (Figure 10 ). This leads to considerable ambiguity about the "sub-Moho" lithology in arcs.
Residual mantle peridotites beneath the Talkeetna arc lower crust are depleted harzburgites that record arc-parallel ductile flow (Mehl et al. 2003) . Thermodynamic calculations using the Perple_X model (Connolly 1990 (Connolly , 2005 show that at 1 GPa, melt-free Talkeetna mantle harzburgite should have V P of 8.0 km/s at 800
• C and 7.9 km/s at 1,000
• C, at the higher end of mantle V P below arcs (Figure 11) . In contrast, Tonsina garnet granulites, and gabbronorites in garnet granulite facies, have an average V P of ∼7.3 km/s . Thus, the Tonsina Moho in its current configuration (after inferred delamination events) was a fairly abrupt lithological discontinuity. Once it cooled to <1,000
• C, it would have also been an abrupt seismic discontinuity.
The concordant, interfingered, unfaulted contact between residual peridotites and gabbroic rocks recording equilibration temperatures ∼1,000
• C in Talkeetna, with just a few hundred meters of intervening pyroxenite, indicates that this is not a fault, and that in some arcs gabbroic lower crust overlies residual mantle peridotite, as in oceanic and continental crust. In these cases, low "sub-Moho" velocities might best be attributed to the presence of small melt fractions within peridotite, and to a steep temperature gradient, reaching ∼1,300
• C at 1.5 GPa (Kelemen et al. 2003a) .
In contrast, garnet granulites, garnet hornblendites, and pyroxenites from Talkeetna (Behn & Kelemen 2006; Kelemen et al. 2004 Kelemen et al. , 2014 and xenoliths from the Sierra Nevada (Lee et al. 2006 , Lee et al. 2007 ) and Kohistan ) have calculated V P of 7.5-8.2 km/s in this depth and temperature range, with 89% of Talkeetna samples and 63% of Kohistan samples having V P of <7.8 km/s (Figure 11) . Thus, "sub-Moho" lithologies in arcs with V P of ∼7.7 km/s could include abundant garnet granulite and pyroxenite, as proposed by Tatsumi et al. (2008) and Fliedner & Klemperer (1999) .
Recently, Shillington et al. (2013) found that the lowermost crust and uppermost mantle in the Aleutians-along a trench-parallel transect transitional between the forearc and the active arc-have V P of 7.3-7.6 km/s and V P /V S of ∼1.70-1.75. This low V P /V S ratio may indicate that www.annualreviews.org • Arc Processes and Continental Crust 12.19 Changes may still occur before final publication online and in print the Aleutian lower crust is composed of mafic and ultramafic lithologies (e.g., pyroxenite, garnet granulite) together with α-quartz-bearing lithologies, perhaps resembling the two-pyroxene quartz diorites in Talkeetna discussed above. Importantly, at ∼1 GPa, α-quartz is present only at <∼800 • C. Improved seismic data for the lower crust directly beneath the active arc are needed to determine whether such low temperatures extend to this region.
Updating the pioneering efforts of Chroston & Simmons (1989) and Miller & Christensen (1994) , calculated a one-dimensional seismic section for the Kohistan arc (Figure 12 ). Calculated V P of the Kohistan lower crust is characterized by a gradual increase in V P with depth, from 6.9-7.1 km/s at 30-35 km to ∼8 km/s at 50-55 km. In this way, the Kohistan lower crust resembles lower crust in active arcs, characterized by the absence of a sharply defined Moho (Kodaira et al. 2007a,b; Shillington et al. 2004 Shillington et al. , 2013 Takahashi et al. 2008) . Thus, if the Kohistan section is representative of active arcs, low-V P sub-Moho lithologies correspond to mafic and ultramafic cumulate compositions (Figure 11) .
As noted above, the pyroxenites and garnet granulites that constitute a large proportion of the lower crust in Kohistan are present only in a horizon a few hundred meters thick in Tonsina. Such a sharp compositional contrast in active arcs could be masked in seismic data for some regions by the presence of partial melt and/or temperatures >1,000
• C in the uppermost mantle. Elsewhere, as proposed for Kohistan by , the smooth increase in V P in active arcs may indicate the presence of thick layers of dense pyroxenite and garnet granulite that have not yet been removed by delamination. The presence of a sharp Moho in oceanic and continental plates may be the outcome of almost complete delamination of such dense cumulates and their replacement by upper mantle peridotite. 6.2.3. Supra-Moho seismic velocity structure. Seismic data may provide the most regionally comprehensive picture of the bulk composition of active and ancient arcs. The crustal seismic structure of arcs is highly variable within a given arc and between different arcs. Thus, seismic data have been used to infer that both the Aleutian and Izu-Bonin-Mariana arc crust are basaltic (49-54 wt% SiO 2 ) (Fliedner & Klemperer 1999; Holbrook et al. 1999; Kodaira et al. 2007a,b; Shillington et al. 2004; Tatsumi et al. 2008) , whereas the Sierra Nevada batholith has low crustal V P , indicating an intermediate to felsic bulk composition (Fliedner et al. 2000) . The Aleutian arc shows higher average V P (6.8-7.5 km/s) at ∼10-40 km depth (Fliedner & Klemperer 1999; Holbrook et al. 1999; Shillington et al. 2004 Shillington et al. , 2013 ) compared with continental crust (6.3-7.0 km/s) over the same depth range. The Izu-Bonin arc has a broader range of V P , 6.3-7.5 km/s (Kodaira et al. 2007a,b; Suyehiro et al. 1996; Takahashi et al. 2007 Takahashi et al. , 2008 Tatsumi et al. 2008) , overlapping both continental and Aleutian velocity profiles. A calculated V P profile for Kohistan, assuming anhydrous compositions (0 wt% H 2 O), is about 0.3-0.5 km/s faster than the V P profile of lower continental crust and essentially identical to that of the Izu-Bonin arc (with the exception of rocks at ∼20 km depth) (Figure 12 ). Higher water contents stabilize phases with relatively low seismic velocities. Thus, a calculated V P profile for Kohistan, assuming 1 wt% H 2 O in the rocks, is similar to that of average continental crust at 10-40 km depth (Figure 12) .
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Changes may still occur before final publication online and in print Within the range of possible Talkeetna bulk compositions discussed in Section 6.1, intermediate and mafic compositions (56 and 50 wt% SiO 2 , respectively; , with 1 wt% H 2 O, provide estimated V P profiles (Figure 13 ) that most closely fit the average profile of V P versus depth for the Aleutian arc from Atka to Unalaska Island (Shillington et al. 2004 ) and for the thicker part of the Izu arc (the region from 0 to 250 km along strike in figure 3 of Kodaira et al. 2007b) . Possible felsic compositions for the Talkeetna crust (62 and 61 wt% SiO 2 ; have calculated middle and lower crustal V P profiles that are systematically slower than the Aleutian and Izu seismic profiles (figure 3 of , and similar to the Central Sierra Nevada profile P4 of Fliedner et al. (2000) with velocities of 6.0-6.4 km/s extending to ∼30 km depth.
Based on the calculated seismic profiles for Kohistan and Talkeetna, discussed in the previous two paragraphs, some of the differences between the seismic characteristics of the uppermost 40 km between arcs and continental crust could be related to water content-for example, alteration during arc continent collision and/or subsequent metamorphic events-and/or to compositional differences. Regardless of their specific differences, the Kohistan arc crust is known to be andesitic and the Izu-Bonin and Talkeetna arc crust could be andesitic. These compositions are buoyant relative to the mantle, so they are difficult to subduct and thus are additions to continental crust. However, the significantly higher seismic velocities observed, for example, in the Aleutian arc almost certainly indicate that some arc crust is significantly more mafic than continental crust.
TRANSFORMATION OF ARC CRUST TO CONTINENTAL CRUST
Continental crust, as well as lavas and intermediate to felsic plutonic rocks in some arcs, has a calc-alkaline composition defined by relatively high SiO 2 and alkali element concentrations and relatively low CaO at a given Mg# (Arculus 2003 , Irvine & Baragar 1971 , Miyashiro 1974 . Typical calc-alkaline magmas are high-Mg# (>0.4) andesites and dacites with ∼55−65 wt% SiO 2 . In contrast, lavas and compositionally similar plutonic rocks, with low SiO 2 and alkalis at a given Mg#, are often termed tholeiitic. Typical tholeiitic magmas are basalts with <53 wt% SiO 2 at Mg# 0.3-0.6. Whereas tholeiitic lavas are found at oceanic spreading ridges, ocean island volcanoes, and large igneous provinces as well as in arcs, calc-alkaline lavas and plutonic rocks are almost exclusively found in arcs.
Formation of Calc-Alkaline Andesites and Dacites
It is well established that tholeiitic magma series can be produced by crystal fractionation from primitive, mantle-derived basalts at low fugacities of oxygen ( fO 2 ) and/or H 2 O ( fH 2 O) (Grove & Baker 1984) . In contrast, the origin of calc-alkaline lava series is less well understood, and is generally attributed to one of three general recipes (Figure 14 ):
1. fractionation of a primitive 3 basaltic or picritic parent (Mg# >0.6), with high fO 2 and/or fH 2 O, driving crystallization of abundant Fe-Ti oxides, garnet, and/or hornblende early in the crystallization sequence (e.g., Blatter et al. 2013 , Gill 1981 , Grove et al. 2003b ) (Figure 14a) ; 2. mixing of highly evolved "granitic" liquids with high SiO 2 and low Fe and Mg, with primitive basaltic liquids whose high Fe and Mg contents lead to high Mg# in the mixtures (e.g., Anderson 1976 , Sisson et al. 1996 (Figure 14b) ; or 3. fractionation from a primitive andesite rather than a primitive basalt (e.g., Grove et al. 2003b , Müntener et al. 2001 (Figure 14c) .
In a variant to recipe 2, mechanical juxtaposition of unrelated felsic and mafic rocks could also produce a calc-alkaline crustal composition, without involving any calc-alkaline magmas. In this article, we do not discuss the relative merits of these three recipes, but we emphasize that all three recipes require subsequent modification to produce the intermediate bulk composition of continental crust (Figure 14d ).
Geochemical Transformation
All estimates indicate that bulk continental crust has the composition of andesites and dacites with 57-67 wt% SiO 2 and Mg# 0.44-0.57 (estimates compiled by Hacker et al. 2011 Hacker et al. , 2015 Kelemen Schematic illustrations of different continental crust formation paths. (a) Certain fractionation paths result in rock compositions that resemble bulk continental crust compositions. Examples of such differentiation trends are observed in, for example, the Aleutians and the Sierra Nevada (see Figure 7 for details). (b) Other arcs show a differentiation trend that has too low an Mg# at a given level of SiO 2 content to produce rock compositions akin to bulk continental crust. If these arcs contribute significantly to continental crustal growth, the continental bulk composition can be explained as (mathematical) mixing between a felsic and mafic end-member. Examples of such differentiation trends are found in the Kohistan, Talkeetna, Izu-Bonin-Mariana, and Central American arcs (see Figure 7 for details).
(c) Continental crust may be formed predominantly by high-Mg# andesite, in which case the andesitic bulk composition of the continental crust could be produced by differentiation. Examples of these kinds of melts are found in, for example, the Aleutians. Regardless of the preferred formation mechanism (panels a-c), a certain component must be removed from the system, as the composition of bulk continental crust is not in equilibrium with an upper mantle mineral assemblage. Panel d illustrates different density sorting mechanisms ( -) that might result in the separation of the more felsic material that forms the continental crust from the more mafic material that complements the bulk continental crust to a primitive melt composition.
1995; Rudnick & Gao 2004 , 2014 . In contrast, magmas in Fe/Mg exchange equilibrium with mantle olivine and pyroxene (Mg# ∼0.9) have Mg# >0.6. Thus, if most magmas that form arc crust are in Fe/Mg exchange equilibrium with the mantle, an additional mechanism is required to produce continental crust with lower Mg#. It has been proposed that weathering processes may play a role in this transformation (e.g., Albarede & Michard 1986 , Lee et al. 2008 . Despite the geochemical importance of weathering throughout geological history, we doubt that weathering has been the primary factor converting mantle-derived magmatic crust to continental crust. Subaerial leaching of preexisting magmatic crust would preferentially remove K and Na compared with Mg and Fe, and would remove more Mg than Fe, at least at high fO 2 since ∼2 Ga, providing a poor match for the alkali-rich, EA43CH12-Jagoutz ARI 11 March 2015 14:3 high-Mg# composition of continental crust (Kelemen 1995) . Oxidative seafloor weathering may have provided increased alkali contents and higher K/Na to the arc magmatic source since ∼2 Ga ( Jagoutz 2013 , Rosing et al. 2006 ), but-given the similarity of Archean and post-Archean crustal compositions (Taylor & McLennan 1985 Weaver & Tarney 1984) and of Archean and post-Archean granulites , Huang et al. 2013 , Rudnick & Presper 1990 )-this seems to have been a minor effect. However, mechanical and chemical erosion may remove subaerial lavas, exposing felsic plutonic rocks that are resistant to erosion. In arcs such as the Aleutians, more than half the lavas are basaltic whereas mid-crustal plutons are relatively felsic (reviews and averages in Kay et al. 1990 , Kelemen et al. 2003b . Even so, to transform arc to continental crust, an additional process must remove the mafic sediments as well as mafic lower crust. As a result, we do not discuss weathering further in this article.
Density Sorting
Most workers agree that, in order to make the transformation from mantle-derived magmatic crust to continental crust, density sorting must occur, via 1. delamination 4 of dense lower crustal lithologies (Arndt & Goldstein 1989 , Herzberg et al. 1983 , Jull & Kelemen 2001 , Kay & Kay 1991 , Ringwood & Green 1966 , Wernicke et al. 1996 ) (path in Figure 14d ), either (a) during and immediately after arc magmatism Jull & Kelemen 2001; Kelemen et al. 2004 Kelemen et al. , 2014 or (b) during later tectonic events involving extensive metamorphism at garnet granulite-or eclogite-facies conditions, together with Moho temperatures >700
• C (e.g., Saleeby et al. 2003) ; or 2. relamination of buoyant, subducting compositions via (a) imbrication (e.g., Ducea et al. 2009 , Grove et al. 2003a ), involving incomplete subduction in which buoyant material never descends below the crust-mantle transition zone and instead is thrust into or just beneath the base of arc crust (path in Figure 14d ), (b) ascent along a "subduction channel" (e.g., Cloos & Shreve 1988 , Gerya et al. 2002 , Warren et al. 2008 , Whitney et al. 2009 ) (path in Figure 14d ), or (c) rise of diapirs though the mantle wedge (e.g., Behn et al. 2011; Chatterjee & Jagoutz 2015; Gerya & Yuen 2003; Kelemen et al. 2004 Kelemen et al. , 2014 Little et al. 2011 ) (path in Figure 14d ).
An alternative to density sorting might be the preservation of arc cumulates with Mg# 0.6 (e.g., wehrlite, pyroxenite, garnet granulite) below the continental Moho (where we use the term cumulate to indicate a rock formed by partial crystallization of a parental melt, followed by removal of the remaining melt). However, whereas the "mantle wedge" in arcs often has sub-Moho V P < 8 km/s, continental upper mantle typically has sub-Moho V P > 8 km/s, as discussed in Section 6.2.1. Whereas subarc mantle might contain abundant ultramafic cumulates with seismic velocities ∼7.7 km/s, as discussed above, the continental upper mantle probably has relatively few. Thus, a role for density sorting in the transformation from arc to continental crust seems essential.
7.3.1. Relamination. Relamination occurs when buoyant lithologies are subducted into denser upper mantle and are then emplaced at the base of the crust. Relamination processes potentially exhibit substantial variability, as noted above. Subduction erosion (von Huene & Scholl 1991) may commonly involve imbrication or underplating of buoyant material. Geodynamic calculations suggest that buoyant lithologies, with layer thicknesses in excess of ∼100 m, will always undergo unstable, diapiric rise through denser peridotite once the temperature of both lithologies exceeds ∼700-800
• C , Jull & Kelemen 2001 , Miller & Behn 2012 .
Evidence for relamination is provided by high-pressure (HP) and ultrahigh-pressure (UHP) metamorphic rocks, which were subducted to depths >40 km and >100 km, respectively, and then returned to the base of the crust (∼35 km) prior to later exhumation (summaries in Hacker et al. 2011 , Walsh & Hacker 2004 . In most cases (U)HP terranes record nearly adiabatic decompression, inferred to result from ascent along a relatively cold "subduction channel," but in some cases, exhumation pressure-temperature (P-T) paths are consistent with ascent through a hot mantle wedge (Chatterjee & Jagoutz 2015 , Little et al. 2011 . At even higher temperature, highly efficient recycling of geochemical sediment components into arc magmas and the presence of grospydite xenoliths derived from metasediments but recording mantle wedge P-T (Sharp et al. 1992) are consistent with buoyant, metasedimentary diapirs rising through the mantle wedge.
Distinctive peraluminous metasediments are common in lower continental crust , perhaps as a result of relamination. This provides a minimum estimate of the proportion of metasediments in lower crust, because many volcaniclastic, forearc sediments are similar to intermediate igneous rocks (McLennan et al. 1990 ). During sediment subduction and subduction erosion, such sediments, plus lavas and intermediate to felsic plutons, may be thrust into or just below arc lower crust, as observed in metamorphic terranes (e.g., Ducea et al. 2009 , Grove et al. 2003a ) and inferred from seismic data (Bassett et al. 2010 . Relamination of buoyant magmatic rocks may be common. Archean and post-Archean granulite terranes are dominated by felsic, quartzofeldspathic gneisses, which could have been relaminated as described above. A clear example is a remnant of jadeite granite in the Western Alps (Compagnoni & Maffeo 1973) , which preserves HP mineral parageneses, within a larger mass of felsic rocks whose HP history was obliterated during retrograde metamorphism. noted that the trace element composition of lower continental crustinferred from updated average compositions for continental granulite xenoliths and granulite terranes , Huang et al. 2013 )-is similar to that of bulk continental crust and very different from that of arc lower crust in the Kohistan and Talkeetna sections, even after the likely effects of delamination have been taken into account. In contrast, relamination of buoyant arc material-after it is subducted as trench sediment, via subduction erosion and/or during arcarc and arc-continent collisions-provides a good explanation for the observed trace element composition of lower continental crust ( Table 1) . 7.3.2. Delamination and the formation of the continental Moho. Delamination could occur in active arcs or later, for example from the base of continental crust. Jull & Kelemen (2001) argued that delamination of dense lower crust, on geologically relevant timescales, is unlikely below ∼700
• C because the rate of diapiric flow becomes very small at low temperature. Thus, delamination occurs only where the base of the crust is unusually hot compared with continental interiors. This can happen in arcs, in overthickened crust rich in heat-producing elements, and during rifting. Delamination has been invoked as an important process in the evolution of both Talkeetna (as discussed in Section 2.1) and Kohistan (as discussed in this section). Both arc sections lack the volume of primitive cumulates (Mg# >0.85) required to explain the volume of more evolved cumulate pluton and lava compositions Izu-Bonin Continental crust P wave velocities and densities
Figure 15
Schematic illustrations of the lithological, seismic, and density properties of the Kohistan and Talkeetna arc sections. Shown are simplified, schematic crustal columns and the calculated average seismic P wave velocities (V P ) and densities (dark brown lines) of the main crustal building blocks of the two arcs. The dark green vertical band represents the density of peridotitic upper mantle at ∼15 kbar. The reconstructed Kohistan section is seismically similar to the active Izu arc section, and the lower arc crust is denser than the underlying mantle at depths exceeding ∼40 km. In contrast, the reconstructed Talkeetna section shows a jump in seismic velocities at the sharply defined crust-mantle transition, similar to that observed in continental regions. Density-unstable rocks are only preserved as relicts in Talkeetna, indicating that Talkeetna is density sorted. Figure modified with permission from . Kelemen et al. 2004 Kelemen et al. , 2014 , and this lack is best understood as the result of delamination of dense, primitive pyroxenite compositions.
Mafic garnet gabbro/granulites, hornblendite/garnetites, and pyroxenites in the Kohistan and Talkeetna lower crust become density unstable at >∼1.0-1.2 GPa, which correlates well with the depth of the continental Moho , Behn & Kelemen 2006 , Jull & Kelemen 2001 , Müntener et al. 2001 . Therefore, these lithologies had the potential to sink into the upper mantle. If the density-unstable layer is replaced by mantle peridotite, after cooling below 1,000
• C the resulting contact between remaining arc lower crust and peridotite will have an abrupt increase in seismic velocities, with the depth range and velocity contrast characteristic of the continental Moho (Figure 15 ).
Quantifying the timescales of delamination.
The density difference between Kohistan and Talkeetna ultramafic cumulates and garnet granulites on the one hand and upper mantle peridotites on the other is ρ = ρ crust −ρ mantle = 40-280 kg/m 3 . Using these densities, magma flux rates of 215-290 km 3 /km/Myr, and a temperature of 700 • C to 1,100
• C for the underlying mantle, calculated that the periodicity of instability development ranged from <0.5 to ∼5 Ma for unstable layers <1 to ∼15 km thick (Figure 16) . Based on the thermal conditions recorded at the base of the Kohistan (700-800
• C) and Talkeetna (800-1,000
• C) arcs, and on arc magma production rates (see Section 7.3.2.2), the model predicts layer thicknesses of V P = 7.9, ρ = 3.50 ∼10-12 km for Kohistan and <1 km for Talkeetna, consistent with the observed thickness of the preserved dense layers (∼12 km in Kohistan and ∼100 m in Talkeetna).
Quantifying the rates of mass transport associated with delamination in arcs.
Constraining the rates of mass transport in subduction zones and arcs is difficult. Whereas the amount of subducted oceanic crust is essentially equal to the amount of oceanic crust produced at ridges (∼18-19 km 3 /yr), the rates of mass transport due to sediment subduction, arc magmatism, delamination, subduction erosion, and relamination are uncertain and depend on many assumptions ( Jicha & Jagoutz 2015) . In recent years, significant progress has been made in quantifying the rates related to surface erosion and subduction erosion (Clift & Vannucchi 2004 , von Huene & Scholl 1991 . Crust production rates have also been better constrained, though estimates still vary by a factor of five (Dimalanta et al. 2002 , Jicha et al. 2006 , Reymer & Schubert 1984 . Frequently, the crustal production rate is assumed to be equal to the rate of magmatic transport into arc crust (Crisp 1984) . However, this method for estimating the crustal production rate is correct only if there has been no significant delamination, subduction erosion, and/or relamination ( Jicha & Jagoutz 2015) .
Instead, some arc crust has a more evolved composition because of delamination (see Sections 2.1 and 7.3.2), and there is evidence for relamination (Section 7.3.1), though the relamination fluxes are not well constrained . Thus, the arc crustal volume is produced by magmatic addition, minus the material removed by delamination and subduction erosion, plus the material added by relamination. To constrain the arc magma production rate, the bulk compositions of remaining arc crust, density-unstable rocks, crust removed by subduction erosion, added buoyant rocks, and primitive arc melts need to be known, together with the duration of arc processes. calculated the Kohistan arc magma production rate; their results are summarized in Figure 17 . If the arc had a basaltic parent magma, 60-70% of density-unstable material is needed to balance the current, andesitic bulk composition of the Kohistan arc (Figure 16 ) .
This result, which does not account for relamination, is in accord with more general estimates for the removal of ultramafic to mafic material required to produce continental crust from basaltic arc crust , Lee et al. 2007 , Plank 2005 . Thus, for example, a compilation of experimental data yields 48-90% crystallization (with one experiment yielding 23%) to produce andesitic compositions similar to that of Kohistan crust from hydrous basalt, and 25-60% crystallization if the parental magma is a primitive andesite . As the preserved volume of dense rocks (∼20%) is not sufficient to balance the existing Kohistan arc crust, significant volumes of dense material must have been delaminated during arc activity. This suggests that the amount of material removed by delamination and/or subduction erosion in Kohistan was about two-thirds of the total arc magma production. Incorporating the crust production rate for Kohistan and some global estimates for subduction erosion, concluded that the arc magma production rate is about 11-14 km/yr (corresponding to 215-290 km 3 /km/Myr), about two-thirds of the mid-ocean ridge magma production rate. Recently, Jicha & Jagoutz (2015) extended the approach of Jagoutz & Schmidt (2013), described above, to a global compilation of active intraoceanic arcs. Their results indicate that global magma production rates vary between 152 and 220 km 3 /km/Myr for the Tonga-Kermadec and Izu arcs, respectively. Such high magma production rates are in apparent conflict with constraints from heat flow data (from other regions) that indicate significantly lower magma production rates of 10-50 km 3 /km/Myr (Ingebritsen et al. 1989) . Further, the high values for arc magma flux deduced by Jicha & Jagoutz (2015) appear to be inconsistent with rates of recycling of key components from subducting sediments in arc magmas. If arc magma production rates >∼60 km 3 /km/Myr are correct, the assumption that, for example, most of the Th in arc magmas is recycled from subducting sediments yields impossibly high recycling proportions: (Th concentration in primitive arc magmas × arc magma flux) / (Th concentration in subducting sediment × sediment subduction flux) > 1 (e.g., Behn et al. 2011, supplementary figure 3 ). This indicates that either estimates for arc magma flux greater than ∼60 km 3 /km/Myr are too high or much of the recycled Th and other components are derived from subducting oceanic crust, not just from subducting sediment.
We are not sure how to resolve these apparent discrepancies. Thus, we feel that the apparent contradiction between different lines of evidence on arc magma fluxes presents an interesting problem for future resolution.
Delamination could have a significant effect on the isotopic evolution of the mantle , Lee et al. 2007 , Tatsumi 2000 . The mass of delaminated material could be as much as 50% of the mass of subducted oceanic crust, and delaminated lithologies may host a significant proportion of some trace elements. For example, the Pb concentration of the delaminated material estimated for Kohistan and Talkeetna, ∼2-3 ppm, is 5 to 10 times higher than in average MORB (Gale et al. 2013) , and U/Pb and Th/Pb in lower crustal gabbroic rocks are more than 20 times lower than in primitive mantle (McDonough & Sun 1995) . On the one hand, as proposed by Lee et al. (2007) and by , delaminated material has a low μ (μ = 238 U/ 204 Pb), of ∼0.3, which may help to explain the so-called Pb paradox (Allegre 1969) , balancing the radiogenic composition of MORB and ocean island basalts (instead of or in addition to highly depleted peridotites; Kelemen et al. 2007 , Malaviarachchi et al. 2008 , Warren & Shirey 2012 . On the other hand, Tatsumi (2000) estimated that the delaminated component from the Izu-Bonin-Mariana arc would evolve toward enriched mantle II Pb isotope characteristics intermediate between those of bulk Earth and the MORB source.
The realization that the mass of delaminated material could be ∼50% of the mass of subducted oceanic crust opens many new and exciting scientific questions. For example, the delaminated material in Kohistan includes a significant proportion of hydrous minerals such as hornblende. As hornblende has an upper pressure stability limit of ∼2-3 GPa, amphibole in descending diapirs will break down and release H 2 O, possibly triggering dehydration melting of the delaminating material and/or flux melting of the surrounding upper mantle, as previously proposed by Ringwood & Green (1966) and by Bédard (2006) .
SUMMARY
Andesitic Arc Crust in Some Times and Places
For years it was thought that the bulk composition of all oceanic arcs was essentially basaltic. This assumption was based on seismic observations of active arcs and reconstruction of the Kohistan and Talkeetna exposed arc sections. However, high-resolution seismic data on the Izu-Bonin arc indicate the presence of volumetrically important amounts of felsic middle crust, so that the bulk crustal composition might be andesitic (Kodaira et al. 2007a,b; Suyehiro et al. 1996; Takahashi et al. 2007 Takahashi et al. , 2008 Tatsumi et al. 2008) . Similarly, as discussed in Section 6.1, reevaluation of the Kohistan section reveals that it is andesitic, with a major element composition within the range of estimated bulk continental crust ( Jagoutz & Schmidt 2012) . For the Talkeetna crust, recent P-T estimates indicate significant gaps in the preservation of the upper plutonic arc crust, making its bulk composition model dependent, but possibilities include andesitic compositions with up to 62 wt% SiO 2 .
No Vestige of a Beginning
The Kohistan and Talkeetna arcs formed in an intraoceanic setting, accommodated by extension of preexisting crust. We have been surprised by the difficulty of locating prearc host rocks, into which these plutonic rocks were emplaced. For the Kohistan arc prior to its collision with the Indian subcontinent, and for the Talkeetna arc south of its suture zone with the older Wrangellia terrane, only a few zircon analyses reveal even a hint of inheritance from prearc sediments. Similarly, we have been unsuccessful in identifying preexisting oceanic crust among metavolcanics and gabbros. Isotope data for both sections indicate derivation from a depleted mantle source. Although Kohistan and Talkeetna may include components recycled from subducting sediments, such a component is just as subdued as in the Tonga and Izu-Bonin-Mariana arcs, so that the Kohistan and Talkeetna sections represent almost entirely juvenile, igneous crust, derived mainly from partial melting of the mantle and-perhaps-mantle-derived MORB in subduction zones.
Remarkably Consistent Crustal Thickness
When considering the seismic "crust," composed mainly of plagioclase-bearing plutonic and metamorphic rocks with V P < ∼7.5 km/s, the Kohistan, Talkeetna, and Aleutian sections have strikingly similar thicknesses, of about 40 km , Janiszewski et al. 2013 , as may also be the case for the thicker parts of the Izu-Bonin arc (see Figure 12 , which shows data from Kodaira et al. 2007b ). This may be attributed to both (a) the increase in seismic velocity and density due to the formation of cumulate ultramafic rocks plus igneous and/or metamorphic garnet below this depth and (b) foundering of dense lithologies into underlying mantle peridotite when the temperature exceeds ∼700-800
• C at these depths (see Section 7.3.2).
RECIPES FOR CONTINENTAL CRUST
As outlined in Section 1, the continental crust paradox relates to the apparent discrepancy between the basaltic net flux from the mantle into arc crust (<52 wt% SiO 2 , Mg# >0.65) and the andesitic to dacitic continental crust (56-66 wt% SiO 2 , Mg# 0.43-0.55). This apparent paradox is generally resolved either by modifying the composition of the net flux or through density sorting mechanisms. As reviewed above, some propose that the net magmatic flux from the mantle to the crust is (or has been) andesitic in some places (or at some times in the past). This may well be true. However, as noted above-if most arc magmas entering the crust are in Fe/Mg exchange equilibrium with residual mantle peridotite-some transformation is nevertheless required to reduce the crustal Mg# from more than 0.65 to less than 0.55. Another modification of flux is the hypothesis that garnet granulites and/or ultramafic lithologies remain below the continental Moho and above residual mantle peridotite; bulk continental crust including these lithologies might have Mg# >0.65. However, we believe that this is unlikely, owing to the observation that V P is consistently >8.1 km/s in the subcontinental mantle.
Thus, density sorting via gravitational instabilities-delamination of dense material and/or relamination of buoyant material-seems to be an essential process in transforming arc crust to continental crust.
CONCLUSION
The simple processes of arc subduction and density sorting outlined in this article could have operated virtually unchanged over much of Earth history to produce continental crust. Although it is uncertain whether subduction-related magmatic processes have continued throughout Earth history, it is increasingly clear that the main characteristics of subduction magmatism-hydrous, fluxed melting of the mantle, with recycling of material descending from the surface of a wet planet-has continued in some form since 4.2 Ga (Grimes et al. 2007; Hopkins et al. 2008 Hopkins et al. , 2010 . Given the range of estimated global arc crustal production rates (2.0 to 3.8 km 3 /yr; Clift et al. 2009 ) and the total volume of continental crust (∼6.0 × 10 9 km 3 ), all continental crust, and a similar volume of subducted, dense residues (∼2.4 × 10 9 to 10 10 km 3 ), could have been produced by arc subduction and density sorting over the course of Earth history. As a result, there is no obvious requirement for additional mechanisms of continental genesis and growth.
Several aspects of the process described here may have been somewhat different in the past. Low fO 2 might have rendered crystallization of Fe-Ti oxide minerals, to form high-Mg# andesites from basalts, less likely. Or primitive and high-Mg# andesites and dacites with enriched trace element concentrations may have been more common as a result of extensive partial melting of mafic volcanics as they subducted or foundered into a hotter mantle (Drummond & Defant 1990 , Martin 1986 , Rapp & Watson 1995 , Rapp et al. 1991 . The mantle wedge above Archean subduction zones may have been composed of highly depleted, residual dunite (Bernstein et al. 2007 ), reacting with ascending melts but contributing a smaller mantle component to arc magmatism than in modern arcs (Kelemen et al. 1998) .
Obviously, in addition to arc subduction and density sorting, many other processes have contributed to the development of continental crust. However, the end-member hypotheses offered here have the advantage of simplicity, fit compositional and dynamical constraints, and provide quantitative benchmarks against which other explanations can be compared. Additionally, the two end-member models of density sorting (delamination and relamination) can be tested in the future by better constraining the bulk composition of lower continental crust.
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